This genome-wide association study aimed to identify loci associated with lactation-average somatic cell score (LASCS) and the standard deviation of test-day somatic cell score (SCS-SD). It is one of the first studies to combine detailed phenotypic and genotypic cow data from research dairy herds located in different countries. The combined data set contained up to 52 individual test-days per lactation and thereby aimed to capture temporary increases in somatic cell score associated with infection. Phenotypic data for analysis consisted of 46,882 test-day records on 1,484 cows, and genotypic data consisted of 37,590 single nucleotide polymorphisms (SNP). Using an animal model, the associations between each individual SNP and the phenotypic data were estimated. To account for the risk of false positives, a false discovery rate threshold of 0.20 was set. The analyses showed that LASCS was significantly associated with a SNP on Bos taurus autosome (BTA) 4 and a SNP on BTA18. Likewise, SCS-SD was associated with this SNP on BTA18. In addition, SCS-SD significantly associated with a SNP on BTA6. Relatively few associations were found, suggesting that LASCS and SCS-SD are controlled by multiple loci distributed across the genome, each with a relatively small effect. Increased knowledge on genetic regulation of LASCS and SCS-SD may aid in identification of genes that play a role in mastitis resistance. Such knowledge helps us understand the genetic mechanisms leading to mastitis and in discovery of targets for mastitis therapeutics.
INTRODUCTION
In the last decade, mastitis resistance has become an important breeding objective in dairy cattle from an economical and animal welfare perspective (Miglior et al., 2005; Rupp et al., 2007) . Somatic cell count is the commonly used indirect measure of mastitis (e.g., Rupp and Boichard, 2003; Detilleux, 2009) . Although SCC shows relatively large genetic variation (Rupp and Boichard, 2003) , heritabilities for SCC are low to moderate (Rupp and Boichard, 2003) and a genetic antagonism exists between SCC and production traits (e.g., Rupp and Boichard, 1999; Carlén et al., 2004) . As such, and combined with the fact that SCC can only be measured on cows and not on bulls, selection for mastitis resistance could benefit from genomic information. Genomic information may be particularly useful for increasing the accuracy of the EBV of bull dams, which is currently based on own performance.
The recent discovery of millions of SNP in livestock genomes (Matukumalli et al., 2009) , forming dense marker maps, and a concurrent substantial decrease in genotyping costs (Daetwyler et al., 2008; Hayes et al., 2009) have created opportunities for the use of genomic information, allowing for genome-wide association studies (GWAS; Hirschhorn and Daly, 2005) . Results from GWAS may not only identify markers that enable more accurate breeding value estimation but also aid in the understanding of genetic control of traits through identification of genes (e.g., Pryce et al., 2010) . So far, GWAS for dairy cattle are limited and GWAS that are reported have been performed on traits routinely recorded in commercial dairy herds using daughter yield deviations or EBV of progeny-tested bulls. The present study used combined phenotypic and genotypic data of first-lactation Holstein cows from 4 European research herds. These herds provide more detailed SCC recordings (up to 52 individual test-days per lactation) compared with commercial herds, where SCC is usually recorded monthly. These detailed recordings provide a more comprehensive representation of the phenotype. In addition, the use of genotypic data on cows allows estimation of dominance effects, which is not possible when using daughter yield deviations.
Generally, genetic selection is based on lactationaverage SCC. Lactation-average SCC, however, does not capture variation in SCC levels during lactation (de Haas et al., 2003) . As suggested by Urioste et al. (2010) and Green et al. (2004) , the standard deviation of test-day SCC largely reflects this variation and aims to capture temporary increases in SCC associated with infection. The standard deviation of test-day SCC is genetically variable and strongly associated with clinical mastitis (CM; Urioste et al., 2010) . Therefore, it is an interesting candidate in selection for mastitis resistance (Urioste et al., 2010) .
The present study aimed to identify loci associated with lactation-average SCS and the standard deviation of test-day SCS through a GWAS using combined phenotypic and genotypic data of first-lactation Holstein cows from 4 European research herds.
MATERIALS AND METHODS
The present study was part of the RobustMilk project funded by the European Union, a collaboration between 6 European research institutes (www.robustmilk.eu). The RobustMilk project combined unique phenotypic and genotypic data from 8 research dairy herds located in 4 European countries: 3 herds in Ireland (McCarthy et al., 2007) , 2 herds in the Netherlands (Veerkamp et al., 2000) , 2 herds in Scotland (Bell et al., 2011) , and 1 herd in Sweden (Petersson et al., 2006) . The Scottish cows belonged to 2 genetic lines (Veerkamp et al., 1994) and were therefore treated as 2 separate herds. At the time of data recording, some cows included in the RobustMilk project were subjected to dietary treatments as part of other studies. Data were recorded between October 1989 and September 2009.
Genotypes
DNA was extracted from blood samples and cows were subsequently genotyped for 54,001 SNP by a commercial genotyping company (ServiceXS, Leiden, the Netherlands) using the Illumina BovineSNP50 BeadChip (Illumina Inc., San Diego, CA). The SNP genotypes were scored using Illumina BeadStudio software (v3.3.4). Quality control was performed on the genotypic data of the separate countries, using criteria set by Hayes et al. (2009) with minor modifications. A SNP was included in the data set when the following criteria were met: (1) the minor allele frequency (MAF) was >1% in each country; (2) the percentage of missing genotypes for the SNP across all samples was <5%; (3) the Gen Train score (statistical score for accuracy of clustering) was >0.55 and the Gen Call score (statistical score for genotyping accuracy) was >0.20; and (4) the SNP did not deviate strongly from Hardy-Weinberg equilibrium (Hardy Weinberg χ 2 values <600). A SNP that failed a criterion in at least one country was discarded from the complete data set. Furthermore, animals with SNP call rates <95% were removed from the data set (n = 70). In total, 37,590 SNP were retained and were thus available for analyses. These SNP were distributed over the Bos taurus genome as shown in Table 1 . All animals genotyped within the RobustMilk project were checked for pedigree inconsistencies using the methodology outlined by Calus et al. (2011) .
Animals and Phenotypes
Phenotypic data were compiled from cows that passed the genotype quality control and pedigree check. This data set consisted of 81,408 first-lactation test-day records on 1,816 Holstein cows. Test-day records with SCC greater than zero recorded before 350 DIM were retained. Cows that had fewer than 10 SCC test-day records were discarded so that sufficient records were available for estimating mean and standard deviations of SCC. 
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The edited phenotypic data used for the association study consisted of 46,882 first-lactation test-day records on 1,484 genotyped Holstein cows located in 4 countries: Ireland (n = 329 cows; 8,795 test-day records), the Netherlands (n = 574 cows; 17,024 testday records), Scotland (n = 390 cows; 13,312 test-day records), and Sweden (n = 191 cows; 7,751 test-day records).
Lactation-average SCC and test-day SCC standard deviation were calculated for each cow based on her test-day records. The number of test-day records per cow ranged between 10 and 52 with an average of 31 test-days. Lactation-average SCC was log-transformed (Ali and Shook, 1980) to lactation-average SCS (LASCS):
Test-day SCC standard deviation was log-transformed in a similar manner into test-day SCS standard deviation (SCS-SD):
where μ was the mean test-day SCC and n was the number of test-day records. In summary, the data for analyses consisted of 46,882 SCC test-day records on 1,484 first-lactation Holstein cows. For all cows, genotypic information consisted of 37,590 SNP. The approval of the Dutch Animal Care and Use committee was not needed, as data used in the present study were obtained from existing databases.
Statistical Analyses
Genetic and residual variances for LASCS and SCS-SD were estimated with a bivariate linear animal model using the ASReml software package (version 3; Gilmour et al., 2009) . Data were analyzed with the following model:
where y ijk is the response variable corresponding to LASCS and SCS-SD of cow k from CHYST-group i born in year j; μ is the overall mean; CHYST i was a fixed effect accounting for the combination i of country (C) and herd (H) in which the record was produced, year (Y) and season (S) of calving of the cow producing the record, and dietary treatment (T) the cow received during lactation (i = 1 to 146). Seasons were defined as calendar quarters (January to March, April to June, July to September, and October to December); CHYST groups containing <5 individuals were merged with adjacent CHYST groups; Byear j was a fixed effect accounting for the year of birth j of the cow (j = 1 to 23); Animal k was the random additive genetic effect of ani-
) which accounted for (co)variances between animals due to genetic relationships by formation of a matrix A based on pedigree records; the pedigree consisted of 9,368 individuals over 19 generations; e ijk , distributed as ∼ N I e 0, , σ 2 ( ) was the random residual effect.
Heritabilities were calculated as The association of each individual SNP with the phenotype was estimated from a univariate linear animal model using ASReml (version 3; Gilmour et al., 2009) . The data were analyzed following model [3] , with the addition of a fixed single SNP effect to the model. The consequence of this analysis is that SNP in linkage disequilibrium with the causative mutation will all show an effect. The heritabilities for LASCS and SCS-SD were fixed at the estimate obtained from the preceding bivariate analyses, for ease of computation, which is valid when SNP effects are relatively small.
To assess the effect of population substructure in the present data set, the single SNP analysis was also performed without the random additive genetic effect of the animal included in the model. The SNP variances were calculated based on the genotype frequencies and the estimated genotype effects.
Multiple Testing
In the single SNP association analyses, the significance of each individual SNP was tested, resulting in a multiple testing problem. Multiple testing increases the risk of false positives and to account for this, a false discovery rate (FDR) was used. The P-value threshold corresponding to an FDR of 0.20 was calculated, based on the P-value for each SNP obtained from the single SNP analysis using the package "qvalue" in the statistical environment R (Storey and Tibshirani, 2003) . The SNP with P-values less than or equal to the P-value corresponding to the FDR were considered significantly associated with the phenotype.
RESULTS

Descriptive Statistics and Genetic Parameters
Mean LASCS, mean SCS-SD, and the corresponding standard deviation for the combined data set as well as the individual countries within the RobustMilk data set are shown in Table 2 . Standard deviations in the separate countries were within 30% of the mean LASCS and SCS-SD of the combined data. The heritability estimated for LASCS was 0.17 (SE = 0.06) with a phenotypic variance of 1.62, and the heritability estimated for SCS-SD was 0.14 (SE = 0.06) with a phenotypic variance of 3.2. The phenotypic correlation between LASCS and SCS-SD was 0.89 (SE = 0.01) and the genetic correlation between LASCS and SCS-SD was estimated at 0.96 (SE = 0.04).
Association of SNP with LASCS
The GWAS showed a significant association with LASCS on BTA4 and on BTA18 (Figure 1 ). On BTA4, SNP BTB-01841922 (ss64858711) showed a significant effect with a -log 10 P-value of 5.1.On BTA18, SNP ARS-BFGL-NGS-101491 (ss86330740) showed a significant effect with a -log 10 P-value of 5.6.
For SNP BTB-01841922, the genotype class with the smallest number of observations (AA) consisted of 13 cows, of which 12 were from Ireland. The MAF for this SNP was 0.11. Because AA animals came primarily from one country, the sensitivity of the analysis was tested by omitting cows belonging to the AA genotype class. This retest resulted in an increase in -log 10 P-value from 5.1 to 5.7. -Log 10 P-values and the genetic variance explained by the 2 significantly associated SNP are given in Table 3 . Estimated SNP effects for the LASCSassociated SNP in the combined RobustMilk data set as well as in the separate populations are shown in Table 4 . In general, estimated SNP effects in individual countries were in the same direction for each genotype class as the combined RobustMilk data, although effect sizes differed. These differences were, however, not significant (α = 0.10). For SNP BTB-01841922 on BTA4, the homozygote genotype class with the largest number of observations (BB) consistently resulted in a lower LASCS than the heterozygote genotype class. Analysis of the untransformed SCC data showed that the SNP effect of −0.44 for this homozygote genotype class corresponded to a lower LASCS of approximately 51,000 cells/mL compared with the heterozygote genotype class. For SNP ARS-BFGL-NGS-101491 on BTA18, the homozygous genotype class with the smallest number of observations (AA) resulted in the highest LASCS, whereas the homozygous genotype class (BB) with the largest number of observations resulted in the lowest LASCS. Ireland and Scotland showed a slight deviation from this pattern (Table 4) , but these devia- Table 2 . Mean, standard deviation, and number of animals (n) for lactation-average SCS (LASCS) and the standard deviation for test-day SCS (SCS-SD) for the combined data (RobustMilk) and for each separate country of origin of the cows included in the data tions were not significant (α = 0.10). Analyses of the untransformed combined RobustMilk data showed that the implication of the AA genotype for this SNP was an additional 87,000 cells/mL compared with the BB genotype.
The MAF for BTB-01841922 was 0.11 in the total data set and remained relatively stable over birth years 1991 to 2007. The minor allele, A, was the unfavorable allele, resulting in an increased LASCS. The MAF for ARS-BFGL-NGS-101491, allele A, was 0.27 and fluctuated over birth years, from a minimum of 0.05 to a maximum of 0.34. Also for this SNP, the minor allele was the unfavorable allele.
Association of SNP with SCS-SD
The GWAS for SCS-SD showed 2 SNP (Figure 2 ) with an FDR ≤0.20. The SNP ARS-BFGL-NGS-101491 on BTA18, previously associated with LASCS, had a -log 10 P-value of 5.8 for SCS-SD. On BTA6, SNP BTB-02087354 (ss65101233) had a -log 10 P-value of 5.3. As part of the genotype quality control, SNP with a MAF ≤1% were removed from the data set. For SNP BTB-02087354, however, this could not prevent a genotype class (BB) with only one cow. For this reason, the analysis was repeated without this cow. As a result, the -log 10 P-value of association increased from 5.3 to 6.1. -Log 10 P-values and the genetic variance explained by the 2 significantly associated SNP are given in Table  3 . Estimated SNP effects for the SCS-SD-associated SNP in the total RobustMilk data set as well as in the separate populations are shown in Table 5 . For SNP BTB-02087354 on BTA6, the heterozygous genotype class resulted in the highest SCS-SD compared with the homozygous genotype class, with the exception of Sweden. Analysis of the untransformed SCC data showed that SCS-SD was approximately 235,000 cells/mL higher in the heterozygous genotype class compared with the homozygous genotype class. For SNP ARS-BFGL-NGS-101491 on BTA18, the smallest homozygote genotype class (AA) resulted in the highest SCS-SD, and the largest homozygote genotype class (BB) resulted in the lowest SCS-SD, with the exception of Scotland, where the heterozygous genotype class resulted in the highest SCS-SD. Analyses of the untransformed SCC data, using the combined RobustMilk data, showed that the AA genotype resulted in a 197,000 cells/mL increase in SCS-SD compared with the BB genotype. The MAF for SNP BTB-02087354 was 0.02 and remained stable over the birth years tested.
Polygenic Component
All analyses in the present study included a polygenic component to account for family relationships between cows and population substructure caused by these relationships. In contrast to the LASCS analysis including a polygenic component (Figure 3b ), a quantile-quantile plot for the LASCS analysis without a polygenic component showed many spurious SNP effects as deviations from the expected null distribution of the P-values and did therefore show an effect of population substructure ( Figure 3a) . The same was true for SCS-SD (results not shown).
DISCUSSION
The objective of this GWAS was to identify loci associated with LASCS and SCS-SD using cow data. Few countries routinely record mastitis events, which hinders direct selection for mastitis resistance (Rupp and Boichard, 1999) . Instead, the common practice is to use SCC or SCS as an indirect selection for mastitis (e.g., Rupp and Boichard, 2003) . In commercial dairy herds, SCC is generally recorded monthly, resulting in approximately 12 SCC test-day records per cow. Monthly SCC recordings may not always detect elevated somatic cells due to CM (Rupp and Boichard, 1999) , because a mastitis infection can occur and the animal restored to health within a 1-mo period (Vaarst and Enevoldsen, 1997) . In the present study, the number of SCC testday records per cow ranged from 10 to 52, with an average of 31 SCC records. This increases the likelihood that elevations in SCC caused by infections of short duration, such as CM caused by Escherichia coli (de Haas et al., 2002; Burvenich et al., 2003; Bannerman et al., 2004) were included.
LASCS and SCS-SD
The LASCS is often calculated as the average of the log-transformed test-day SCC (Mark et al., 2002) . Our preference, however, was to average test-day SCC first and then log-transform the data, because the influence of elevated test-day SCC on lactation-average SCC, and thus on LASCS, is larger by this method (de Haas et al., 2008) . Moreover, the genetic correlation between the log-transformed average of test-day SCC and CM was found to be higher than the genetic correlation between the traditionally used average of the log-transformed test-day SCC and CM (de Haas et al., 2008) . The SCS-SD was also chosen as a trait for analysis to capture variation in SCC levels of individual cows. For instance, cows can have the same lactation-average SCC but very different patterns of variation around the mean because of differences in infection status. Urioste et al. (2010) found that, in general, cows without any CM episode tend to have a relatively low variation in SCC and that these animals show faster recovery when infected.
Genetic Parameters
The estimated heritabilities using the RobustMilk data set were in good agreement with previously reported estimates. For example, the heritability of 0.17 for first-lactation LASCS was also reported previously by Rupp and Boichard (1999) and Mrode and Swanson (2003) . Heritabilities reported in other studies are of the same approximate magnitude (e.g., Carlén et al., 2004; Heringstad et al., 2008) . The estimated heritability for SCS-SD in the present study was 0.14 and agreed well with the finding of Urioste et al. (2010) , which was 0.10 for weekly recordings and 0.14 for monthly recordings. Although SCS-SD has been analyzed previously (Uri- , 2010) , the present study is the first to report the genetic correlation coefficient between LASCS and SCS-SD, which was 0.96 with an upper 95% limit of 1.0 and a lower 95% limit of 0.88. This indicates that the genetic component of these 2 traits was not significantly different.
GWAS
The present study detected few SNP associations with LASCS or SDS-SD, which indicates that effects of most QTL involved in genetic control of LASCS and SCS-SD were not large enough to be detected with the traits defined in the present data set. First, this could suggest that the present data set may not provide sufficient power to detect loci with relatively small effects for the currently defined traits. The detection power of GWAS, especially for low to moderately heritable polygenic traits, would likely be substantially increased by including a larger number of animals. Detection of few genomic regions involved in genetic regulation of SCS or SCS-related traits is supported by other studies (e.g., Heyen et al., 1999; Klungland et al., 2001; Meredith et al., 2010) . This could also suggest that SCS may be influenced by multiple QTL dispersed throughout the genome, each with a relatively small effect, which hinders detection of genomic regions.
In accordance with the genetic correlation between LASCS and SCS-SD, GWAS results identified a SNP significantly associating with both LASCS and SCS-SD. The SNP ARS-BFGL-NGS-101491 passed the 0.20 FDR threshold for both LASCS and SCS-SD, with the same direction of the effect and a similar -log 10 P-value for both traits. In addition, the SNP BTB-01841922 on BTA4 was found to be significantly associated with LASCS, with a -log 10 P-value of 5.7. The direction of the effect of this SNP for SCS-SD was the same as for LASCS, but the -log 10 P-value of 3.5 fell short of the 0.20 FDR threshold. Similarly, the SNP BTB-02087354 on BTA6 was found to be significantly associated with SCS-SD with a -log 10 P-value of 6.1. The direction of the effect for this SNP for LASCS was the same as for SCS-SD but once again the -log 10 P-value of 4.6 fell short of the 0.20 FDR threshold.
Candidate Genes
Genes within a window of 200,000 bp around the associated SNP were considered as candidates. At this distance, linkage disequilibrium (r 2 ) decreases to a value of approximately 0.3 (Khatkar et al., 2008) . The 200,000-bp window around SNP ARS-BFGL-NGS101491, which associated with both LASCS and SCS-SD, contained 8 genes. Six of these genes, SLC7A5, CA5A, RNF166, MVD, CTU2, and SNAI3, have no apparent function in mastitis resistance. However, the bovine SMAR1 gene (GenBank accession no. BC119967.1) is located within this window. The gene product of SMAR1 plays a central role in cell cycle, apoptosis, and signaling pathways through its interaction with proteins such as nuclear factor κB, p53, and transforming growth factor-β (Malonia et al., 2011) . The p22-PHOX gene (GenBank accession no. AF036096.1) is located close to SNP ARS-BFGL-NGS-101491. The protein product of this gene plays a role in phagocytosis, as it is an essential component for an active phagocyte NADPH oxidase. This NADPH oxidase is required for the production of superoxide, a precursor of microbicidal oxidants (Sumimoto et al., 1996) . A 200,000-bp window around SNP BTB-01841922 contained 4 genes, TFPI2, GNGT1, GNG11, and BET1, 3 of which are involved in functions relating to mastitis resistance. The GNGT1 and GNG11 genes code for G proteins, which function as signal transducers (Downes and Gautam, 1999) involved in regulation of cell migration and adhesion (Ahmed et al., 2010) , key attributes of innate immune responses (Snyderman and Goetzl, 1981) . The TFPI2 gene (GenBank accession no. AY234861.1) codes for a protein that plays a role in proliferation and apoptosis of smooth muscle cells (Ekstrand et al., 2010) . The mammary gland contains smooth muscle-like myoepithelial cells whose protein expression resembles that of smooth muscle cells (Deugnier et al., 1995) . Given this resemblance, the TFPI2 gene product may also exert influence on mammary tissue. No genes were present within a 200,000-bp window around SNP BTB-02087354.
Comparison with Literature
Multiple studies have identified regions containing QTL underlying genetic variation for SCS on almost all bovine chromosomes (Rupp and Boichard, 2003; Khatkar et al., 2004; Hu and Reecy, 2007) . Chromosomes 1, 18, 21, and 23 are frequently reported to contain QTL for SCS (Rupp and Boichard, 2003; Khatkar et al., 2004) . Previously, linkage studies have reported QTL for SCS on BTA4 (Zhang et al., 1998; Tal-Stein et al., 2010) and BTA 6 (Daetwyler et al., 2008; Lund et al., 2008) . These QTL, however, do not appear to be in close proximity to SNP BTB-01841922 and SNP BTB-02087354. Furthermore, linkage studies have reported a QTL for SCC and CM on BTA18 near the microsatellite marker TGLA227, located at approximately 65,000,000 bp Kühn et al., 2003; Schulman et al., 2004) . This QTL could not be confirmed in the present GWAS.
From linkage studies, the magnitude of associations between phenotypes and genetic markers may be largely influenced by environmental factors (e.g., infection pressure) and the genetic background specific to studied populations and breeds (Rupp and Boichard, 2003) . The results of GWAS may be subjected to the same limitations. From GWAS with 1,341 SNP, Kolbehdari et al. (2009) identified 2 SCS-associated SNP on BTA18 located at 807,748 bp and 1,414,404 bp. The SNP ARS-BFGL-NGS101491 associating with LASCS and SCS-SD in the present study was not located in the same region, given its position at 13,839,646 bp. A GWAS with 17,349 SNP performed by Sodeland et al. (2011) on Norwegian Red dairy cattle showed associations with daughter yield deviations for LASCS and CM on BTA12, BTA19, and BTA20. None of these associations was detected in the present study.
CM and Production Traits
The RobustMilk data set contains 390 cows that were part of 2 genetic lines (Scottish data) (Veerkamp et al., 1994) . One line was selected for kilograms of milk fat plus protein and the other line was selected to resemble the average genetic merit for milk fat plus protein for all UK evaluated cows. A genetic antagonism has been described between SCC and production traits (e.g., Rupp and Boichard, 1999; Carlén et al., 2004) . Phenotypic differences in LASCS and SCS-SD were, however, small between the 2 lines and no differences in MAF could be detected for the significant SNP.
In contrast, SCC and the occurrence of mastitis show a strong positive genetic correlation (e.g., Rupp and Boichard, 1999; Carlén et al., 2004; Koivula et al., 2005) . Clinical mastitis records were available for RobustMilk cows from Scotland and Sweden. In total, 98 cows had a case of CM recorded during the first lactation (mastitic cows); the remaining 483 cows from Sweden and Scotland without such a record were assumed free of CM during this period (nonmastitic cows). Clear phenotypic differences in SCS were found between mastitic and nonmastitic cows; the average LASCS was 7.1 for mastitic and 6.1 for nonmastitic cows, and the average SCS-SD was 7.8 for mastitic and 5.9 for nonmastitic cows. The MAF for the significant SNP, however, did not differ between mastitic and nonmastitic cows. For SNP ARS-BFGL-NGS-101491 on BTA18, the frequency of the unfavorable allele was 0.25 in mastitic cows and 0.24 in nonmastitic cows. For SNP BTB-02087354 on BTA4, the frequency of the unfavorable allele was 0.02 in both mastitic and nonmastitic cows. For SNP BTB-01841922 on BTA6, the favorable allele had a frequency of 0.09 in mastitic cows and 0.07 in nonmastitic cows. In agreement with other studies (Klungland et al., 2001; Sodeland et al., 2011) , these results suggest that the SNP associated with LASCS or SCS-SD do not have major effects on CM. One explanation is that LASCS is an average value of multiple test-day records and therefore not directly comparable with CM records (Sodeland et al., 2011) . In addition, the traits measure separate aspects of udder health (Lund et al., 2007) , which results in a loss of statistical power (Lund et al., 2007; Sodeland et al., 2011) . Furthermore, SNP effects 907 on LASCS and SCS-SD in the present study were relatively small. Therefore, if an association of these SNP exists with CM, the difference in allele frequency would have a minor effect on the phenotype.
CONCLUSIONS
The present study is one of the first studies to combine detailed phenotypic and genotypic cow data from research herds located in different countries. Relatively few associated SNP were found, which suggests that LASCS and SCS-SD are controlled by multiple loci, each with a relatively small effect, distributed across the genome, although the number of animals included in the study was relatively small. Findings from the present study need to be verified in subsequent independent studies. More knowledge on genetic control of LASCS and SCS-SD is needed to enable a greater selection response for these traits. Such knowledge could be particularly valuable for improvement of the accuracy of EBV for bull dams. Moreover, such knowledge contributes to the quest for genes for mastitis resistance and aids in our understanding of the genetic mechanisms of mastitis and the discovery of targets for mastitis therapeutics.
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